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' In t roduct ion  
Work on the  inf luence of electric and magnetic f i e l d s  
on the  s t r u c t u r e  of cho le s t e r i c  l i q u i d  c r y s t a l s  continued during 
this  period. This repor t  cons is t s  of p rep r in t s  of s eve ra l  in- 
ves t iga t ions  submitted f o r  publ ica t ion  i n  t h e  Journal  of Chemical 
Physics : 
(1) "Electric F ie ld  Effec ts  on the  Dielectric Proper t ies  
and Molecular Arrangements of Cholester ic  , i i qu id  Crystals' '  , H. 
Baessler and M. M. Labes . 
. i  
(2) "E lec t r i c  F ie ld  Effec ts  on the  Opt ica l  Rotatory Power 
of a Compensated Cholester ic  Liquid Crystal", H. Baessler, T. M. 
Laronge and M. M. Labes. - .  
(3) "Magnetic F ie ld  Effec ts  on a Compensated Cholester ic  Liquid 
Crystal",  T. M. Laronge, H. Baessler and M. M. Labes. 
* H. Baessler and M .  M. Labes 
Department of Chemistry, Drexel I n s t i t u t e  of’Technology 
-Measurements of d i e l e c t r i c  cons tan ts  of a cho le s t e ry l  
. _-- chlo-ride:choles.teryl - myr i s t a t e  mixt_ure - -__ having . a s t rong ly  - temperature 
dependent h e l i c a l  p i t c h  have been performed i n  t h e  presence and 
absence of an applied dc e l e c t r i c  f i e l d .  
arrangement i n  samples o r i en ted  *by w a l l  e f f e c t s  i s  presented, as w e l l  
as t h e  pe r tu rba t ions  i n  t h i s  arrangement which occur both thermally 
L - _._ - -- --._- - .- - - _ _  _ _  - - - ___ ___ . -_ _. - - - - - - 
% &  
A n  ana lys i s  of t h e  molecular 
-and by t h e  app l i ca t ion  of an  e l e c t r i c  f i e l d .  -E la s t i c  moduli of bend- . 
.ing and t o r s i o n a l  s t r a i n  are estimated from t h e  threshold  e l e c t r i c  
f i e l d s  observed t o  (a) induce h e l i c a l  pe r tu rba t ion  and (b) destroy 
t h e  h e l i c a l  s t r u c t u r e  i n  t h e  t r a n s i t i o n  t o  a nematic phase. 
-*Visit ing Research Asso’ciate 1968-1969. Permanent address: Physics 
Department, Technische Hochschule, Munich, Germany. 
In t roduct ion  
The c lose  r e l a t i o n s h i p  of nematic and c h o l e s t e r i c  l i q u i d  
c r y s t a l s  w a s  f i r s t  demonstrated by F r i e d e l  i n  1922,' who w a s  a b l e  
to produce a nematic mesophase by mixing two c h o l e s t e r i c  compounds of 
.- 
- a p p o s i t e  o p t i c a l  r o t a t o r y  power. 
can be induced i n  such compensat 
of 
for which t h e  t o t a l  f r e e  energy o f ' t h e  system i s  a minimum. 
Cholesteric-nematic phase t r a n s i t i o n s  
mixtures thermally o r  by app l i ca t ion  - 
4 I n  each case  t h a t  phase i s  s t a b l e  
_ _ _ _  __ - ____ __--- - - -  ~~ - - - I -- - 
and magnetic f i e l d s .  
_ .  - - I _ _ _ _ _ _ _ _ _ _ _ _ _ _  - -------.- - - _ _  - - - -.- 
A theory 
---fol--~he-efectr ic-and-mag~e~i~-€ie7Id-  indyked phase 3%-5fZiEioG-5~ssbeTn-- 
.) 
6 proposed independently by Meyer' and deGennes , and experimental 
corroboration has appeared of the, p red ic ted  inve r se  dependence of 
the p i t c h  of t h e  h e l i c a l  s t r u c t u r e  on the  electric __I f i e l d  I_- s t r e n g t h - _  
requi red  t o  cause a t r a n s i t i o n  from t h e  c h o l e s t e r i c  t o  nematic phase. 
- __ _- 
+ 
3 
- .__ - - _ -  - ._ - . 
Severa l  s t u d i e s  have been made on a 1 .75: l  mixture of 
c h o l e s t e r y l  chloride(C) and c h o l e s t e r y l  myristate(M), which has  a 
< 
. s t r o n g l y  temperature dependent h e l i c a l  p i t c h  a t  temperatures > 4 3 " ,  
-and is- nematic -a t  4 3 ° . 7  
\ ac t ing  wi th  t h e  l a r g e  electric d ipo le  moments of t h e  components. 
An &ectric f i e l d  acts on t h e  system by i n t e r -  
For 
-C, t h e  d ipole  
the molecule, 
angle  t o  t h i s  
moment approximately coincides w i t h  t h e  long a x i s  of 
whereas f o r  M, t h e  d ipo le  moment i s  a t  a pronmnced 
long ax i s .  Since the  d i e l e c t r i c  cons tan t  E of a po la r  
> 
material depends on t h e  average o r i e n t a t i o n  of its permanent d ipo le s ,  
following c during a phase t r a n s i t i o n  i s  a convenient probe f o r  - 
- 2 -  
studying changes i n  molecular arrangement. 
i n  ordered phases y i e l d  da t a  f o r  t h e  d i e l e c t r i c  anisotropy which are 
necessary t o  estimate e l a s t i c  cons tan ts  of bending and t o r s i o n a l  s t r a i n  
Furthermore, E measurements 
f r o m  the  experimental va lues  f o r  t h e  t r a n s i t i o n  f i e l d .  5 $6  
I n  t h i s  paper measurements of dielectric cons tan ts  i n  t h e  
presence of dc e l e c t r i c  f i e l d s  are studied. I n  a subsequent paper, t h e  
e f f e c t  of a magnetic f i e l d  on t h e  d i e l e c t r i c  constant w i l l  b e  examined, 
' Experimental 
Measurements of t h e  d i e l e c t r i c  cons tan ts  were performed wi th  
- 1  
pure C and M and wi th  a 1.75:l.OO weight 'mixture(CM). 
mixture r a t i o  i s  2.57:l.O). 
l o i d s ,  Inc. and used without f u r t h e r  p u r i f i c a t i o n .  
(The molar 
- - .  --_ _-- 
The compounds were obtained from Stera- 
The conduct iv i ty  
-12 ,-1 -1 of t h e  mixture was about 10 c m  a t  43". Since t h e  c r i t i c a l  
f i e l d  f o r  inducing a nematic phase va r i ed  inve r se ly  with t h e  p i t c h  
of t h e ' h e l i x ,  i n  corroboration of t h e  t h e ~ r y , ~ ' ~  t h e  in f luence  of 
i o n i c  impurity conduction on t h e  observed phenomena can only be  a 
3 
second order  e f f e c t .  
The material w a s  placed between s i l i ca  d i s c s  p a r t i a l l y  covered 
. . .  
with  SnO e lec t rodes .  
4.. .127p were used as e l ec t rode  spacers .  
bubbles between t h e  e l ec t rodes ,  e spec ia l ly  with t h i n  sampfes . 
Teflon o r  mylar f i lms  i n  t h e  thickness range 2 .. 
Care had t o  be  taken t o  avoid 
The 
samples were Gounted i n  an o p t i c a l  ce l l  which could be  heated by a 
cont ro l led  temperature n i t rogen  stream. The ce l l  could b e  placed be- 
tween t h e  poles  of a s p e c i a l  Varian 6" magnet wi th  H e i t h e r  p a r a l l e l  
- 3 -  
o r  perpendicular t o  t h e  e l ec t rodes .  
taken with a.Genera1 Radio Impedance Bridge Type 1608A a t  a frequency 
of lkc .  
f < lokc. 
could be  appl ied  to  t h e  sample. 
the-ac- f ie ld .  The ac-voltage ac ross  t h e  sample w a s  usua l ly  less than 
1 v.olt, and w a s  i n s u f f i c i e n t  t o  cause a phase t r a n s i t i o n .  
c e r t a i n t y  of t h e  capacitance measurements is less than 0.5%. 
A l l  E d a t a  repor ted  h e r e i n  a r e  
No frequency dependence of E was observed i n  the. 
During t h e  measurements, a dc-bias of up t o  200 v o l t  
-- = 
The dc- f ie ld  w a s  a lways- -para l le l  t o  
The un- 
-~ --- - _ _ _ _ _  --- I -__ __ _-  - .  
- ' -- 'Resu l t s  
'i cj 
Dielectric cons tan ts  of C ,  El and of CM mixtures a t  v a r i o u s .  
- ._ . ___ - - - - . - 
e lec t rode  spacings d are p l o t t e d  vs 1 / T  i n  F ig .  1. 
taken during Cooling and d isp lay  d i s c o n t i n u i t i e s  a t  t he  i s o t r o p i c  
l iquid-choles t e r i c  t r a n s i t i o n  temperature . 
A l l  curves are 
- -- - - - __. __ . - __ - - r--- - -- - - - _  - - - - -  
-- -- -- - - - - -- - 
va lues  are (The Tis+chol 
80"  . _ _  
€(UT) curve of CM occurs a t  T 
s l i g h t l y ' f r o m  sample t o  sample ind ica t ing  t h a t  T 
t o  minor changes i n  t h e  molecular- r a t i o  of @ e - c o n s t i t u t i n g  compounds. 
The temperature range of t h i s  d ip  i n  E i nc reases  wi th  decreasing sample 
thickness d, and i s  approximately equal t o  t h e  temperature. range i n  
which Z >= 2d ( 2  =I p i t c h  of t h e  h e l i x )  i n d i c a t i n g  a d is turbance  of 
8 t h e  helical  s t r u c t u r e .  . This is  a confirmation of Sackmann e t  al 's  
f o r  C ,  7 5 "  . -  f o r  M and 62+1" f o r  CM). A remarkable d i p  i n  t h e  
= 4 3 + 3 0 . ~  Its p o s i t i o n  varies 
nem 
nem 
is  very s e n s i t i v e  
e 
7 
0 0 
. val-ues f o r  t h e  p i t c h  obtained from o p t i c a l  d i f f r a c t i o n  s t u d i e s .  For 
d >25p t he  s t r u c t u r e  i n  t h e  E ( ~ / T )  curve i s  smoothed out .  Both t h e  d i p  
- 4 -  
disappear.  Tis+chol 
and t h e  r ise  a t  T = at Tnem I n  t h i n  samples 
. t h e  order ing  in f luence  of  t h e  walls i s . o b v i o u s l y  s t rong  enough t o  
‘> 
e s t a b l i s h  h e l i c a l  alignment thrqughout t h e  bulk  - with  t h e  h e l i c a l  
axis perpendicular t o  t h e  w a l l s ’ -  whereas i n  t h i c k  samples t h e  
- d i r e c t i o n  of t h e  helical  a x i s  varies as one proceeds i n t o  t h e  bulk. 
As a r e s u l t  E approaches t h e  va lue  . of - t h e  - - __- i s o t r o p i c  - l i q u i d  wi th  - .- - -___ __l_l---I- 
. .  
i nc reas ing  d. Under t h e  microscope, thin-samples of CM d i sp lay  a 
_ _  . I -. ..- - - - - . -  - -  - -  - -  . _ _ _  - _ _ -  - 
plane  t e x t u r e  over a l a r g e  homogeneous area i n d i c a t i v e  of an ordered 
- .  
-helical-s t r u c t u r e  
Upon a p p l i c a t i o n  of a __-___ dc-f ie ld  t o  (21 >- -- a choles te r ic -nemat ic -  -  - - -  
’2n 
.. 
t r a n s i t i o n  can be induced i f  t h e  condi t ion  F > F 
f ~ l f i l l e d . ~  
good agreemen! wi th  t h e  repor ted  phase diagram i f  one c o r r e c t s  f o r  
small s h i f t s  i n  T 
= ‘cons t .  is  
The observed va lues  f o r  t h e  c r i t i c a l  f i e l d  F are i n  
U 
0 
___I_I_._ - . - - -,---- -- - - _ _  - .u - - - . - I - 
. - . - - - - - - - . - ___-__ _ _  -__-_ -_ -  -- -- - --- - 
wi th  d i f f e r e n t  samples? b n l y  with 4~ and 6 p  nem 
--samples are s l i g h t l y  h igher  F va lues  observed. This is  t o  be  ex- 
U 
pected, s i n c e  with t h i n  samples  t h e  relative con t r ibu t ion  of t h e  
s u r f a c e  energy t o  ;he t o t a l  f r e e  energy of  t h e  system is  more 
r t a n t .  Fig. 2 shows t h e  nee of a dc- f ie ld  on E. The f a c t  
* -A -**-I-_ _.-A . -  
. -1 t h a t  €(TIT ) i nc reases  wi th  F u n t i l  a t  about 20 KVcm a s a t u r a t i o n .  
va lue  is reached (Fig. 3) can b e  a t t r i b u t e d  t o  a field-induced a l ign-  
nem 
.ment of 1 -.- the nematic-phase. It may b e  noted t h a t  E of pure  C and M 
6.. 
5 -1 is i n s e n s i t i v e  t o  dc-fields up t o  10 Vcm . 
. 7-n a d d i t i o n  t o  t h e  inc rease  of E assoc ia t ed  wi th  t h e  induced 
~ ,c- 
t r a n s i t i o n s  from c h o l e s t e r i c  t o  nematic, i t  is poss ib l e  t o  observe 
changes i n  t h e  d i e l e c t r i c  constant of t5e undestroyed upper and lower ,  - _  .. - - .. - - . . - 
- 5 -  
c h o l e s t e r i c  phases. A t  a temperature where F < F [ Z  ( T ) ] ,  E i nc reases  
wi th  f i e l d .  
cesses: 
f i e l d ;  (2) Reor ien ta t ion  of  t h e  molecules c o n s t i t u t i n g  t h e  helical .  
. u  0 - .. 
Basica l ly  t h i s - c a n  be t h e  r e s u l t  of two d i f f e r e n t  pro- 
- -  _- - -  . _ _  _ _  
(1) Orien ta t ion  of t h e  h e l i x  a x i s  under t h e  in f luence  of t h e  
-- 
s t r u c t u r e .  _ .  
several 
sample f o r  which [ E ( ~ / T ) ]  had been determined. A t y p i c a l  curve 
I n  order t o  - d i s t ingu i sh  between these  p o s s i b i l i t i e s ,  
E(F)-curves w e r e  taken a t  va r ious  temperatures wi th  a 12.711 
. *  
- .. - . *  _ _  __ __ - - - -  . .  
F=0- 
is p l o t t e d  i n  Fig.  4 .  - I f  t h e  sample i s  cooled down slowly from t h e  
- 
i s o t r o p i c  s ta te  t o  t h e  upper-cholesteric,  t h e  
are measured which refer t o  a w e l l  o r i en ted  h e l i x .  
va lues  of Fig.  1 --- -. - - _ _  - _._ _ _ _ _  - - _ -  -._._I_ - - - -  - 
Application of a 
- - . -. - - - - _ _  - __ - 
dc-field y i e l d s  a completely r e v e r s i b l e  E (I?) curve. The t i m e  
.J T=const 
constant f o r  establishment of s t ab le -E(F)  va lues  i s  too s h o r t  t o  be 
determined by s t e a d y - s t a t e  methods suggesting t h a t  a process opera t ing  
on a molecular b a s i s  i s  involved, i . e .  process 2 r a t h e r  than 1. This 
is  confirmed by t h e  optical_-o_bservation t h a t  t h e  plane t e x t u r e  of t h e  
sample was unaffected by F ind ica t ing  t h e  absence of a macroscopic 
h e l i c a l  r e a l i g n i n g  process.  
- . -  ___. .  - -  - __-- 
A d i f f e r e n t  behavior i s  observed i f  the c h o l e s t e r i c  phase 
- _  
is  formed during a re la t i .ve ly  r ap id  cooling process.  I n  t h i s  case 
E: is  c l o s e  t o  t h e  ex t rapola ted  i s o t r o p i c  l iquid-value ind ica t ing  F=o 
t h a t  t h e  o r i e n t a t i o n  of t h e  h e l i x  i s  less p e r f e c t .  A t  increas ing  F 
t h e  E(F) curve shows an increase  a t  lower f i e l d s  and f i n a l l y  matches 
t h e  former curve (see dashed curve i n  Fig. 2 ) .  Upon going back t o  
PO,€ approaches t h e  va lue  c h a r a c t e r i s t i c  f o r  t h e  "ordered" c h o l e s t e r i c  
*_-. 
- 6 -  
phase. Obviously h e l i c a l  ordering throughout t he  sample took place 
a t  moderate f i e l d s .  Three observations confirm t h i s  hypothesis: 
i 
(1) The corresponding time constant f o r  establishment of equilibrium 
w a s  i n  t h e  order  of minukes suggesting involvement of a microscopic 
a l ign ing  process; (2) t h e  o p t i c a l  r e f l e c t i v i t y  of t h e  sample increased 
i 
s l i g h t l y ,  i nd ica t ing  e l imina t ion  of previously ex i s t ing  h e l i c a l  per- 
burbations;' (3)  t h e  plane t ex tu re  is  es tab l i shed .  
With "thick" samples (d>25p) both t h e  o r i e n t a t i o n  of t he  
h e l i x  ax i s  at moderate f i e l d s  and the  d i s t o r t i o n  of t h e  c h o l e s t e r i c  
" s t ruc tu re  a t  h igher  f i e l d s  are obsex 2d. i 
. L  > 
Discussion 1 - 
To i n t e r p r e t  t h e  experimental d a t a  i n  terms of molecular 
arrangement, i t  is  necessary t o  estimate d ipole  moments from E 
measurements .- I n  undiluted l i q u i d s  cons is t ing  of molecules car ry ing  . 
a permanent d ipo le  moment F, t h e  Onsager formula relates E t o  t h e  
- I__ 
.. 
d i p o l a r  component of t h e  d i e l e c t r i c  
.have ,extended t h e  Olrsager -theory t o  
, treatment r equ i r e s  knowledge of t h e  
. _  
. .. 
1, 
10 p o l a r i z a b i l i t y .  Maier and Meier 
ordered nematic phases, b u t  t h e i r  
anisotropy of t h e  o p t i c a l  polar- 
i 
. i z a b i l i t i e s .  
._ar-iginal formula applying t o  i s o t r o p i c  media w i l l  be  used: 
Since a t  present  no da ta  are a v a i l a b l e  f o r  CM, the - -  
11 
a .  - - -  - .  
- 7 -  
constant ,  N = molecular dens i ty ,  a = dipolar  p a r t . o f  t he  p o l a r i z a b i l i t y .  
This s impl i f i ca t ion  does not  introduce a se r ious  e r r o r ,  s i n c e  conclu- 
s i o n s  w i l l  be  based on the  re la t ive changes of the  components of t h e  
d ipo le  moments pa ra l l eq  t o  the  d i r e c t i o n  of t h e  f i e l d  r a t h e r  than t o  
i , / 
' 
i 
absolu te  q u a n t i t i e s .  
. .I a. depends on the molecular arrangement. For an i s o t r o p i c  
For p a r t i a l l y  ordered 
' 2  
= ' "  - 
3kT-* l i q u i d  the Langevin treatment y i e l d s  a 
phases,  i t  i s  more convenient t o  analyze t h e  d ipole  component i n  t h e  
d i r e c t i o n  o f -  t he  - f i e l d  GI). 
_ _  - . . - -. - - 
- 6 -  - - - _._ - _ -  - - -  __ 
- -- - - 
Two-structural-possibilities must then b e  
n L a .A 
-_-considered: -l.j,-i.s. e i ther - -para l le l .  0: a n t i p a r a l l e l  - to-F,  then a = - - -- 
s :  kT a 
(b i s t ab le  arrangement). When p,, takes  any pos i t i on  around an a x i s  
a L 
d 
J- F, then a = '11 ( cy l ind r i ca l  arrangement). An example of .. t he  
2kT 
.a 
l a t t e r  case would be  a cho le s t e r i c  s t r u c t u r e  with a h e l i x  a x i s  II F 
composed of molecules having a d ipo le  moment forming an angle  with 
- __ __ . - -_- - - - ____ - - - - - .. _. . - - - - . _. - ____ - - - - - - 
_I_ __ - - - - - . 
t h e  long molecular a x i s  and capable of r o t a t i n g  around t h e i r  long ax is .  
.. 
! 
c 
Di 'e lec t r ic  Constant Measurements i n  the  Absince of an Applied DC F ie ld  
From t h e  E values  of t h e  i s o t r o p i c  phase, t he  following r a t i o  
of the d ipole  moments can be  ca lcu la ted  using eq. (1) : lrcl : lrM\ : ICrn] 
= 1.00:1.17:1.00 ( e r ro r  1%)12, where the  absolu te  value f o r  p 
0.16D. coo w a s  ca lcu la ted  from n 4- 0.ln taking i n t o  account t h a t  
i s  1.66+ C 
2 2 
I- 
. usual ly  f o r  po lar  organic  molecules the i o n i c  p o l a r i z a b i l i t y  is  about 
13 . 10% of the  e l e c t r o n i c  p o l a r i z a b i l i t y .  The experimental va lue  f o r  t he  
. r e f r a c t i v e  index of i s o t r o p i c  CM i s  n = 1.500 a t  T = 72". 
. I ' In t h e  c h o l e s t e r i c  phases of C and M t h e  long molecula;. .. 
- 8 -  
-2. 4 
axes charac te r ized  by u n i t  vec tors  L and f.M are assumed t o  be 
perpendicular t o  t h e  h e l i x  a x i s  (h) which tends t o  be  perpendicular 
t o  t h e  w a l l s .  The d ipole  moment i;' of C molecules i s  due t o  t h e  
po la r  C-C1 bond a t  t h e  3-position of t h e  s t e r o i d  r i n g  system. 
-conformation i n  t h e  8-3 p o s i t i o n  i s  such t h a t  a very s m a l l  angle 
C 
4 
C 
The 
(less than 10") i s  formed by s u b s t i t u e n t s  with t h e  average molecular 
plane,  as can be  c l e a r l y  seen from Dreiding models. This means t h a t  
J 
I-I is  approximately paral le l  t o  t h e  long molecular a x i s .  The pro- C 
nounced drop of E when C goes from t h e  i s o t r o p i c  t o  t h e  c h o l e s t e r i c  
J 
phase means t h a t  t he  d ipole  component v,, i n  t h e  ac- f ie ld  d i rec t ion '  
i s  g r e a t l y  reduced. 
s t r u c t u r e  with a h e l i x  a x i s  h 11 F where L I <. 
not  drop t o  
ment i n  t h e  bulk ( f o r  d = 25.411 i t  holds Zo 
component of t he  d ipole  moment I L 
i L
This is  i n d i c a t i v e  of'formation of a h e l i c a l  
2 - J .  4 
The f a c t  t h a t  does C 
= 2.5 can be a t t r i b u t e d  t o  (1) incomplete h e l i x  align- 
<< d) and (2) a r e s i d u a l  
A 
C' 
I n  M molecules t h e  d ipole  moment i s  a sum of t h e  bond 
moments of t h e  carbonyl group and t h e  ester bond. 
moment forms an angle of about 60" with t h e  d i r e c t i o n  5 of t h e  long 
molecular a x i s .  
axis h I] F and 5 I h ,  1-1 should be h igher  than i n  t h e  i s o t r o p i c  phase. 
This explains t h e  observed increase  of E M when passing T is-tchol 
The r e s u l t i n g  d ipole  
-.L 
Therefore i n  a c h o l e s t e r i c  phase of M with a hel.ix 
2 4  4 J J  
ll 
From t h e  t e x t u r e  of t h i n  samples of CM it  follows t h a t  
4 
t h e  h e l i x  a x i s  is  perpendicular t o  t h e  e l ec t rode  and therefore  11 F. 
I f  Lc J. h and %I h ,  i t  should be  poss ib le  t o  c a l c u l a t e  t he  d ipo la r  
p a r t  of E~ from t h e  E values of t h e  c h o l e s t e r i c  phases of pure C and 
4 2  4 - - .  
- 9 -  
M. Fig. 1 shows t h e  r e s u l t  (dashed l i n e ) .  The discrepancy between the  
ca l cu la t ed  and t h e  measured E values shows t h a t  i n  CM t h e  d ipo le  CM 
. component para l le l  t o  t h e  h e l i x  d i r e c t i o n  must be increased. This can 
-a 
b e  explained assuming t h a t  t h e  long molecular axes L and $ are no C 
A .A 
' l o n g e r l h  bu t  r o t a t e d  by an angle 6 from a p o s i t i o n L h  towards t h e  
0 
.A IT .a 
h e l i x  ax i s .  The angle between L and h i s  the re fo re  - 6 . 6 can C 0 0 
be  ca l cu la t ed  from the  increment E - - E  using a g raph ica l  
CM exp (34 calc 
6 decreases from 25" t o  
0 
s o l u t i o n  of eq. (1) with 2 
c1 = (vC.sin6 0 1 
kT 
20" as t h e  temperature changes from 60" t o  75". 
t h a t  i n  a c h o l e s t e r i c  phase t h e  long molecuLar axes l i e  wi th in  t h e  
planes L h .  
It i s  o f t e n  assumed 
i:  
J 
The present  r e s u l t s  i n d i c a t e  t h a t  t h i s  need not  be t h e  
case. 
The d ip  i n  the  c ( l / T )  curve near  T = Tnem which is observed 
with t h i n  samples must be due t o  a decrease of 6 as a r e s u l t  of t h e  
0 
a l ign ing  forces  of t he  w a l l s .  The w a l l  i n f luence  becomes s t ronge r ,  
i .e. t h e  thickness of t h e  boundary l a y e r  i nc reases ,  with increas ing  
p i t c h  which corresponds t o  a decrease of t h e  " in te rna l"  c h o l e s t e r i c  
binding energy. 
Dielectric Constant Measured with an Applied DC F i e l d  
Upon app l i ca t ion  of a de- f ie ld  t o  a c h o l e s t e r i c  CM s t r u c t u r e  
2 - z -  
ordered I -  by w a l l  e f f e c t s ,  t h e  f i e l d  produces a torque 1 M 1 =I  pC x F 
l l ~  1 *F s i n  (E - 6 ) ac t ing  t o  cause r o t a t i o n  of C molecules with t h e i r  
= 
C 2 0  
long axes towards t h e  f i e l d  d i r ec t ion .  A s  a r e s u l t . ;  and hence E must 
It 
- 10 - 
increase.  E la s t i c  fo rces  counteract  t h i s  ro t a t ion .  The f i e l d  
dependence of E of a c h o l e s t e r i c  CM mixture can the re fo re  be  used 
t o  ga in  information concerning f i e l d  induced molecular motion. 
Microscopic observat ion shows t h a t  t he  c h o l e s t e r i c  s t r u c t u r e  
i i s  preserved u n t i l  t h e  f i e l d  reaches t h e  c r i t i ca l  value FUIZo(T)] a t  
which a phase t r a n s i t i o n  occurs. 
I 
Two p o s s i b i l i t i e s  can b e  considered 
t o  explain t h e  r o t a t i o n  of L towards t h e  f i e l d  d i rec t ion :  (1) t h e  
dc f i e l d  tends t o  r o t a t e  t h e  h e l i x  by an angle  6(F) s o  t h a t  i n  the  
A ,  bulk h is  no longer  p a r a l l e l  t o  Fdc. In t h i s  case the  cont r ibu t ion  
of the C molecules t o  t h e  d ipolar  p a r t  of t h e  p o l a r i z a b i l i t y  is 
C 
3 
n 0 
.-a . s i n L  [ b0+6 (F) J s i n c e  1 uc l , l  = l$j.sin(b 4-6) i s  sub jec t  t o  L = 1-1c 
0 2 1cT O1 (1) 
a "cyl indr ica l"  arrangement; (2)  t h e  dc f i e l d  tends t o  r o t a t e  each 
ind iv idua l  C molecule by an angle b(F) towards the  f i e l d  and h ll  F 
-5 
remains va l id .  
planes I h are a l s o  -LF t h e  s i t u a t i o n  can be  descr ibed by t h e  b i s t a b l e  
model wi th  a The ga in  i n  e l e c t r o s t a t i c  energy assoc ia ted  
AgainIG, /  =[pc[s in[  6 + b ( F ) ]  but  s i n c e  i n  t h i s  case t h e  
0 
.-L A 
2 
= k. - (2) kT 
1 
87i with  both he l ica l .  o r  molecular r o t a t i o n  i s  @veri by AgF = - 
F - *  A 6  . Since E is approximatr.ly propor t iona l  t o  0 1 ,  one 
can see t h a t  AE(21 2AE f o r  t h e  same bending .angle  6(F) .  Further- 
more-hel ix  r o t a t i o n  by a s m a l l  angle  6 would introduce a d d i t i o n a l  
sp l ay  energy whereas molecular r o t a t i o n  only increases  bending and 
t o r s i o n a l  energy. Therefore i t  can b e  concluded t h a t  (1) would 
2 .  . 3ES 
a6 S 
(1) 
- -  _ _  - . - - _  - _. - - ^ - - _  - ___ . - 
-1ea'd t o  ene rge t i ca l ly  uns tab le  configurat ions.  The reverse process  
however, i.e. f i e l d  induced alignment of a d isa l igned  h e l i x ,  i s  - --- . - . _ _ _ - _  - - . .  . . 
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ene rge t i ca l ly  favorable  and is observed (see preceding sec t ion) .  
Molecular r o t a t i o n  wi th in  t h e  h e l i c a l  s t r u c t u r e  g ives  
rise t o  a conica l  pe r tu rba t ion  of t h e  h e l i x .  Meyer' has  pointed 
out t h a t  t h i s  con ica l  s t r u c t u r e  involves both  bending and t o r s i o n a l  
33 s t r a i n s ,  and i s  only s t a b l e  i f  t he  corresponding elastic moduli k 
and k22 s a t i s f y  t h e  inequa l i ty  k 22 ' k33' 
The angle  6(F) w a s  i n fe r r ed  from t h e  f i e l d  induced di-  
(F) - E ~ ~ ~ ~ ( F = O )  =: A E  (F) using a graphica l  cho 1 , -  tho 1 
electric increment E 
so lu t ion  of eq. (1). The da ta  are p l o t t e d  i n  Fig.  5. Several  con- 
c lusions can be  drawn from these  r e s u l t s :  (1) There i s  a w e l l  def ined 
threshold f i e l d  F f o r  t h e  onset  of h e l i c a l  per turba t ion .  For 
F < F no pe r tu rba t ion  occurs.  For F > F t h e  h e l i c a l  s t r u c t u r e  i s  
destroyed. This i s  i n  corroborat ion of Meyer's theory.  
For FL < F < FU, ~ w F  . 
L 
R U 
2 
(2) According t o  Meyer t h e  following r e l a t i o n s h i p  must hold: 
- 12 - 
AX being t h e  anisotropy of t h e  d i e l e c t r i c  s u s c e p t i b i l i t y .  
Knowledge of FR and F the re fo re  enables  us t o  determine 
. k  /k Table I s'ummarizes t h e  r e s u l t s  for .  d i f f e r e n t '  - -- t 
U 
22 33' 
% . e .  d i f f e r e n t  va lues  of t h e  p i tch .  
independent of temperature. 
The average va lue  i s  4.1 * 0.5, 
- __ 
Table I ' 
-. . . - _  
Ratios  of E la s t i c  Moduli as a Function of 
-- .-_. 
Temperatzre-and'lIelical Pitch-.. -- 
: >  
--- 
8 - EL 
II 
I TOC Z o h 3  FR(G) kv k22 kv 0 __ 6 u c m  
.__ -.- - IC3 - ---- .- . - 
1.50 
4 .1  57.0 2.56 9.9 38.0 3.95 1.52 
10.0 55.0 3.10- -. - -  7.5 27.0 3.63 1.60 
12.7 51.0 4.90 2.8 12.0 4.29 1.68 . 
12.7 ~ 50.2 5.35 2 -95 13-.0 4.4 1.70 
12.7 41.0 20.0 0.85 4.1 4.8 1.87 
- - -  --1&7 -- - - 58.2 -- 2.4 ---- - 5.5 - -- 22-0 4.0 
. .  - _  
6.0 35.0 5.7 6 .O 22 .o 3.7 1.96 
6.0 27.0 3.2 10.7 44.0 4 .I 2.13 
.-- 
Taking t h e  approximate values  f o r  t h e  p i t c h  from Sackmann 
et  al's data7 and t h e  va lues  he re in  determined f o r  A x  allows calcula- 
t i on  of k22 from k22 = FRF, Ax \2n) e zo 2 , /-- 
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The anisotropy of t h e  d i e l e c t r i c  s u s c e p t i b i  
6 - El 
A x  = 11 
411- - .  
where E:,, and E,- r e f e r  
is e i t h e r  p a r a l l e l  o r  perpendicular t o  t h e  
= l i m  E 
both  C and M molecules are perpendicular t o  the helix (see Fig. I), 
one obta ins  t h e  k valuesglot_tgd--iG-Fig. 6. k22 is  -. s t rong ly  - _  - ._ temp- - 
-- D 
(F) and t h a t  E~ is  t h e  va lue  ca l cu la t ed  f o r  t he  case t h a t  nem F* 
22 
E 
exp(- E) with  an -1 - -1 - k22 e r a t u r e  dependent according t o  k 22 -0 - -  - - - -- - - - _ _ _ _  ___.I_* 
a c t i v a t i o n  energy E = 0.60 2 0.05 e V .  
(3) The func t iona l  dependence of t h e  bending angle 6 on t h e  applied 
f i e l d  can be q u a l i t a t i v e l y  explained on t h e  b a s i s  of an energy consid- 
. _ _  - - - - .' -_ ._ - . - _  
e r a t i o n .  Since one is  dea l ing  with bending and t o r s i o n a l  s t r a i n  induced 
by- an e i e c t r i c  f i e l d  one  nwS. t- Fo%sZder-the-%Xergy terms Ag (6)  , Ag, (6) 
b 
2 
and AgF(6). The energy dens i ty  of t h e  electric f i e l d  is  given by: 
3- 
' 1  2 2 2 - -  F [€ , , s in  60-l-~,cos 6 3 gF 87r 0 . (3) 
I -  
The v a r i a t i o n  wi th  s m a l l  changes i n  6 ,  i.e. 6i<B0 is  given by 
Using Frank's n o t a t i o n  t h e  bending energy is: . 
2 2 
gb = 112 k33 [bl + b2 I 
J A. 
For a r i g h t  handed Car tes ian  coord ina te  system wi th  z 11 h,F: 
- I  
aL aL 2 2 2 -  
bl + b 2  
t h a t  f o r  F = 0 bending fo rces  can b e  neglected,  t h e  r o t a t i o n  
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of L by a smal l  angle 6 towards t h e  z-axis causes an inc rease  i n  the  
mechanical energy 
-. 
aL aL -. 
2 
I 
'gb(6) k33 1 7  
- 
-_ 
For s m a l l  6 w e  can approximate' 
i 
__ - - -- .. 
-and  eq. ( 4 )  becomes 
. .  : (5) .. ~ ' 2  Agb(6) = cons$ k33 6 
- -  
_ _ _ - - - -  _ _  - .. - - . - The energy-TssTriated wi th  t o r s i o n a l  s t r a i n  is--gfyen by 
2n 2 -  _ _  - gt =- -V2:1k22 [ t  3. t2 $- TI 1 
aL x 4- 2 1 .  Assuming t h a t  t -I- t2Q 6 ,  t denoting t h e  t w i s i  [ t  -I- t = -
and ' t h a t  t h e  p i t c h  i s  a l i n e a r  func t ion  of 6 as p red ic t ed  i n  r e f .  5 
aL 
. 1  --- ~ _ _ _ . _  1 2  _ _  _ _ ay .- - - ax' - ~. --- - - - ._ - _. - ._.. .-- - .-_-.  
i 
\ \  
one a r r i v e s  at 
_ - _  _ _  . . -  . - . - -  - 
Minimizing t h e  t o t a l  energy v a r i a t i o n  dg(6) = -dgp(6) 3. bgb(6) 3- 
Ag (6) with r e spec t  t o  6 y i e l d s  t h e  func t iona l  dependence 6(F):  
- .  -- - -  -- -- . . . - - _ _ _ _  - . - -- - 
t 
2 2 - 8'(F) = 1 / 4 n ( ~ , , - ~ , ) s i n  6 0 cos 6 . F = const F (7) 
2' cons%*k33+2 constt  *k22 
8 
This agrees with t h e  experimental r e s u l t  t h a t  f o r  FL < F < FU 
r e l a t i o n  
. F 2.0k0.1 818 = ( F' 
C 
U 
, H - r e  6 denot 
F -  
S ' the l i m i t i n g  bending angle  which is  compatible wi th  
the prese rva t ion  of t h e  c h o l e s t e r i c  s t r u c t u r e .  The experiment y i e l d s  
nem' 6 = 4.0 k 0 . 3 " ,  independent of temperature except near  T C 
- 15 - 
( 4 )  For F > F 6 becomes >6 and the  h e l i x  i s  destroyed. The in- 
duced nematic phase i s  ordered by t h e  dc f i e l d .  
discussion it i s  clear t h a t  t h e  alignment i s  achieved by f u r t h e r  
u C 
From the  preceding 
3 
r o t a t i o n  of C molecules towards F s o  that  L tends t o  become p a r a l l e l  
t o  F. 
molecules with t h e i r  long molecular axes p a r a l l e l  t o  t he  f i e l d .  
Since 
M molecules t o  Gl 
C 
2 .  2 
Alignment of L w i l l  c e r t a i n l y  a l s o  cause alignment of  t he  M C 
2 2  (h, %) i s  about 60" t h i s  reduces t h e  cont r ibu t ion  of the  
. However, wi th  C : M = 0.72 : 0.28 molar r a t i o ,  
4 
t h e  inc rease  i n  the  free energy due t o  an alignment 11 i;' is over- 
compensated by a decrease of t h e  f r e e  energy due t o  L alignment. 
Therefore the  f ac t  t h a t  a cholesteric-nemkt'ic phase t r a n s i t i o n  can 
I 
4 C 
be induced i n  CM i s  e s s e n t i a l l y  due t o  t h e  presence of C molecules; 
M molecules are necessary t o  increase t h e  p i t c h  of the  c h o l e s t e r i c  
s t r u c t u r e  and hence decrease the  e las t ic  fo rces  counteract ing molecular 
r o t  a t ion .  
Ordering of nematic phases by e lectr ic  f i e l d s  has  been the  
sub jec t  of  several inves t iga t ions  . Therefore only a rough estimate 
of t h e  degree of  order  S of t h e  f i e l d  induced nematic phase as defined 
by Maier and Saupe17 w i l l  b e  given here .  To a f i r s t  approximation, 
t h e  r a t i o  of t h e  s lopes  dE/d(l/T) f o r  t h e  i s o t r o p i c  and t h e  nematic 
phase of an order ing degree S can b e  der ived from eq. (1).  
- 16 - 
Inse r t ing  t h e  experimental’values g ives  S a 0 .4 .  
a reasonable va lue  f o r  a two component system i n  which the  d i r e c t i o n s  
of t h e  molecular d ipoles  are d i f f e r e n t  with r e spec t  t o  t h e  long 
molecular axes. 
ing f i e l d  induced torque i n  t h e  ordered nematic phase, s i n c e  p 
not  p a r a l l e l  t o  h. 
This seems t o  be  
4 4 
Alignment of both Lc and If F l eads  t o  non-vanish- 
A 
i s  M 
A 
It i s  the re fo re  l i k e l y  t h a t  t h e  s t a t i s t i c a l  
devia t ion  of t h e  d i r e c t i o n  of t he  long molecular axes from t h e  f i e l d  
imposed p re fe r r ed  d i r e c t i o n  i s  q u i t e  l a r g e a t  
i 
. i  
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Figure Captions 
Fig. 1: Dielectric Constant Versus Reciprocal 
1: cho les t e ry l  ch lor ide ;  2 
3-5:-choles-teryl chloride-myristate m i x  
thicknesses  1 0 ~  (curve 3 ) ;  d = 2 5 . 4 ~  (curve 4 ) ;  
d = 1 2 7 ~  
case t h a t  i n  c h o l e s t e r i c  CM t h e  long molecular axes of both 
.-- - ..__I_ _ _  _, -. - - _.--_ - - - 
(curve 5) ;  dashed curve: E ca lcu la ted  f o r  t h e  
- _ _  . - - - --..-I_ __-____ ___- - - _ _ _  ___ 
- - -+-and-M--molecules are - p a r a l l e l  t o  t h e  e lec t rodes .  - _. - - ._ -
Fig. 2: D i e l e c t r i c  Constant of CM Versus Reciprocal Temperature 
----. ----I .. 
1 
' a t  Various DC F ie lds .  Sample thickness:  12711. 
- P - 
F i g .  3: Increase of the  Dielectri ons tan t  of CM with an Applied 
. . -  _ _  - 
DC F ie ld  a t  .T = Tnem = 4 3  Sample thickness  : 12711. 
-. .-. - --- _--- ---  -. . 
Fig. 4 :  Dielectric Constant of Choles te r ic  CM Versus Applied DC 
----Field Strength a t  T = 5 1 O .  Sample thickness:  12.711. Appli- 
ca t ion  of f i e l d  t o  a sample with disordered h e l i c a l  s t r u c t u r e  
- .yields  the  lower curve. Af te r  increasing F t o  F t h e  upper u' 
curve is observed which does not  show a h y s t e r e s i s  e f f e c t .  
The upper curve is  a l s o  observed upon app l i ca t ion  of f i e l d  
t o  a..s.ample with w a l l  o r ien ted  h e l i c a l  s t r u c t u r e ,  
Dependence 'of t h e  kending. Angle 6 on t h e  DC F ie ld  a t  Di f fe ren t  
Temperatures. . F  and F are t h e  lower and upper l i m i t  of t h e  
- fSe ld  range i n  which the  conica l  h e l i c a l  s t r u c t u r e  i s  s t a b l e .  
, A. - -  '.A_--- -_ , _ x  r _cj _,-_ -.--._ 
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Fig .  6 :  Temperature Dependence of t he  E l a s t i c  Modulus for Tor 
S t r a i n  i n  CN. 
sample; closed c i r c l e s  .refer t o  a 6~ sample. 
Open c i r c l e s  r e f e r  t o  da t a  taken with a 
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Electric F i e l d  Ef fec t s  on the  Opt ica l  Rotatory Power of a Compensated 
. .&oles te r ic  Liquid Crys ta l  
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By studying the o p t i c a l  r o t a t o r y  power (OR) of a compensated 
c h o l e s t e r i c  h e l i c a l  s t r u c t u r e ,  i t  is  poss ib l e  t o  observe both thermally 
induced h e l i c a l  invers ion  and electric f i e l d  per turba t ions  of t h e  he l ix .  
For a cho le s t e ry l  chloride-cholesteryl myr i s t a t e  1.75:l mixture,  t h e  OR 
changes s i g n  a t  T = T = 42" increas ing  t o  i n f i n i t y  p r i o r  t o  t h e  
inversion. Upon app l i ca t ion  of a dc electric f i e l d  p a r a l l e l  t o  t h e  
h e l i x  a x i s ,  t h e  OR decreases continuously and r eve r s ib ly  by a f a c t o r  of 
fou r  i n  t h e  f i e l d  range 0.25 FU<F<F 
requi red  t o  induce a nematic t r a n s i t i o n .  
as a macroscopic reoraeking -of -  t h e  material,. b u t  i s  r a t h e r  due t o  a 
decrease i n  p i t c h  accompanying a conica l  h e l i c a l  per turba t ion .  
nematic 
where F denotes t h e  c r i t i ca l  f i e l d  
U U 
This e f f e c t  cannot be explained 
This 
per turba t ion  arises from bending fo rces  tending t o  a l i g n  t h e  d ipole  
moments of cho le s t e ry l  ch lo r ide  i n  the f i e l d  d i rec t ion .  When a dc f i e l d  
is applied perpendicular t o  the  h e l i x  axis, t h e  p i t c h  diverges logar i th-  
mica l ly  t o  i n f i n i t y  as F approaches t h e  c r i t i ca l  va lue  f o r  inducing a 
t r a n s i t i o n .  
and experiment all^^-^ t h a t  the c h o l e s t e r i c  s t r u c t u r e  of 
l i q u i d  c r y s t a l s  can be  converted t o  nematic by app l i ca t ion  of electric 
6 
or  magnetic' f i e l d s .  An electric field-induced phase t r a n s i t i o n  may 
- -sccur-when t h e  molecular d ipole  moment i s  p a r a l l e l  t o  t h e  long molecu- 
lar  a x i s ,  as is  t h e  case f o r  t h e  c h o l e s t e r y l  h a l i d e s .  An electric 
f i e l d  tends t o  a l i g n  t h e  long molecular axes p a r a l l e l  t o  t h e  f i e l d  by 
applying a torque t o  those molecules which are a t  a c e r t a i n  angle with 
t h e  f i e l d  d i r ec t ion .  The equiva len t  condition f o r  a magnetically 7 
induced cholesteric-nematic phase t r a n s i t i o n  i s  t h a t  t he  anisotropy 
of t h e  diamagnetic s u s c e p t i b i l i t y  x - x is p o s i t i v e ,  i.e. t h e  long 
molecular ax i s  again tends t o  a l i g n  p a r a l l e l  t o  t h e  f i e l d .  Usually, 
I1 I 
t h i s  condition i s  only f u l f i l l e d  wi th  molecules containing aromatic 
r ings ,  i.e. not  wi th  most de r iva t ives  of cho le s t e ro l .  
- 
I n  previous w e  have s tud ied  electric f i e l d  induced 
cholesteric-nematic phase t r a n s i t i o n s  i n  a 1.75:l weight mixture of 
cho le s t e ry l  ch lo r ide  and cho le s t e ry l  myr i s t a t e  (CM). The advantage of 
t h i s  system is  t h a t  i t  goes through a nematic state a t  a temperature 
8 T = 42 ... 43O as Sackmann e t  a1 have found. This implies t h a t ' t h e  
ch of t h e  h e l i x  can b e  v a r i e d  between about 2p and Q) by changing 
nem 
experimentally determined va lues  of t h e  t r a n s i t i o n  
were i n  good I d s  f o r  an electric f i e l d  p a r a l l e l  t o  t h e  h e l i x  ax 
7 n t  w i t h  theory. Furthermore, i t  w a s  found t h a t  t h e  elastic 
- 1 -  
moduli. f o r  t o r s i o n a l  (k22> and bend,ing s t r a i n  (k ) f u l f i l l  t h e  33 
i nequa l i ty  k > k33 which g ives  rise t o  a con ica l  per turba t ion  of 22 
t h e  h e l i x  before  complete h e l i x  breakdown occurs. 
theory,  t h i s  pe r tu rba t ion  should be  accompanied by a t igh ten ing  of 
According t o  Meyer's 
t h e  h e l i x  according t o  Z / Z  = k /k where 2 and Zu denote t h e  p i t c h  
0 u 22 33 0 
i n  t h e  absence of a f i e l d  and immediately be fo re  phase des t ruc t ion  
occurs. Since it w a s  found t h a t  kz2/k33 % 4 ,  the p i t c h  should decrease 
by t h e  same f a c t o r .  On the o the r  hand, Z i s  p red ic t ed  t o  approach 
i n f i n i t y  loga r i thmica l ly  as a cholesteric-nematic phase t r a n s i t i o n  is 
induced by a f i e l d  perpendicular t o  t h e  h e l i x  axis. 
a magnetic f i e l d ,  t h i s  has  been r ecen t ly  v e r i f i e d .  
I n  t h e  case of 
5 ¶ 6  
The main purpose of t he  present  i n v e s t i g a t i o n  w a s  t o  measure 
t h e  electric f i e l d  induced change i n  t h e  p i t c h  of t h e  c h o l e s t e r i c  
s t r u c t u r e  of CM. The conventional technique of i n f e r r i n g  Z from t h e  
d i s t ance  of t h e  Grandjean l i n e s  i n  a wedge-type sample could not  b e  
appl ied ,  s ince  i t  is impossible t o  achieve homogeneous electric - f ie lds  
over a s u f f i c i e n t l y  l a r g e  area. 
_- __ ._ . - - -.. 
Therefore t h e  o p t i c a l  r o t a t o r y  power 
w a s  measured, which is  l i n e a r i l y  r e l a t e d  t o  t h e  p i t c h  as de V r i e s '  and 
Can0 and Chatelain" have shown. Furthennore t h i s  technique promised 
t o  g i v e  some information concerning t h e  "compensated" s t r u c t u r e  of t h e  
(34 mixture. 
a t  a temperature T nem 
. t h e  opFical r o t a t i o n .  
In p a r t i c u l a r  t h e  "inversion" of t h e  h e l i c a l  s t r u c t u r e  
should manifest  i tself  as a change i n  s i g n  of 
of cho le s t e ry l  ch lor ide  and cho le s t e ry l  
' w e r e  obtained 
The l i q u i d  c r y s t a l  w a s  placed between polished f l a t  s i l i ca  d i s c s  
separated by a mylar spacer of 3,  6 ,  10 o r  12.7~ thickness .  
t o  apply an electric f i e l d  perpendicular t o  t h e  supporting sur faces ,  
t h e  d i s c s  were p a r t i a l l y  covered with a conductive t i n  oxide layer .  
A f i e l d  p a r a l l e l  t o  the sur face  could be  appl ied between gold s t r i p s  
evaporated on t h e  bottom and top d i sc .  
In order  
I n  t h i s  lat ter case, the  
e lec t rode  spacing w a s  0.2 cm. The sample w a s  heated i n  an oven by 
a stream of temperature control led N o r  a i r .  2 
The sample oven w a s  i n se r t ed  i n t o  a modified tube of a 
Rudolph polarimeter,  which allowed determination of t he  o p t i c a l  
ro t a t ion .  
a sodium lamp as a l i g h t  source. 
+0,01'. 
usual ly  higher  and of t h e  order  
- -  - 
It w a s  provided with a pho toe lec t r i c  de tec t ion  u n i t  and 
The accuracy of the  instrument w a s  
The a c t u a l  u n c e r t a i n t i t y  of t he  measurements, however, w a s  
53% bu t  no t  less than 0.05'. 
This w a s  mainly due t o  the  t u r b i d i t y  of t h e  l i q u i d  c r y s t a l l i n e  material. 
It caused s c a t t e r i n g  depolar iza t ion  of the inc ident  l i n e a r  polar ized 
l i g h t  beam, thus increasing the  minimum curren t  of t he  photomult ipl ier  
two orders  of magnitude as compared with i s o t r o p i c  phases. 
oven containing the  sample could a l s o  be  placed under a PO 
c r y s c a u m e  pnase. 
I. 
L 
9 power of cho le s t e r i c  l i q u i d  c r y s t a l s  has been given by de Vries. 
It is based on assuming t h a t  t h e  c h o l e s t e r i c  s t r u c t u r e  cons i s t s  of a 
p i l e  of o p t i c a l l y  an i so t rop ic  monomolecular l aye r s .  
a a r e  twisted by an angle * = 360 z, where a i s  t h e  thickness of t he  
ind iv idua l  layer  and Z the p i t c h  of t h e  r e su l t i ng  h e l i c a l  s t ruc tu re .  
Subsequent l aye r s  
- 
The o p t i c a l  ax i s  of t he  h e l i c a l  s t r u c t u r e  i s  i d e n t i c a l  with t h e  h e l i x  
axis h,  whereas the  o p t i c a l  a x i s  of t h e  ind iv idua l  l aye r s ,  each 
4 
represent ing an un iax ia l  c r y s t a l ,  i s  perpendicular t o  the  h e l i x  ax is .  
The electric vec to r  of a l i g h t  beam propagating i n  t h e  h d i r ec t ion  of 
a cho le s t e r i c  l i q u i d  c r y s t a l  t he re fo re  encounters a p i l e  of o p t i c a l l y  
p o s i t i v e  un iax ia l  c r y s t a l  l ayers .  This means t h a t  a l i n e a r  polar ized 
A 
- 
beam w i l l  experience r e f r a c t i o n  when passing from one layer  t o  the  
next.  One r e s u l t  is  a r o t a t i o n  of t h e  po la r i za t ion  plane.  
found t h a t  t he  s p e c i f i c  r o t a t i o n  can b e  expressed by 
D e  Vries 
2 
(deg cm-') (1) 3 60 a r =  -
8 h f 2 ( 1 -  At2) z 
a i s  the r e l a t i v e  b i re f r ingence  of t h e  s i n g l e  l aye r s :  = - n An where 
Eq(2) 
as t h e  sense  of 
r > 0 r e f e r s  t o  
360 2 Z(%) 
t h a t  t h e  o p t i  
t h e  h e l i c a l  screw, i .e  
a r i g h t  handed h e l i x  (Z > 0).  An invers 
h e l i c a l  s t r u c t u r e ,  i.e. a change i n  t h e  sense  of s t r u c t u r a l  r o t a t i o n ,  
necessa r i ly  means t h a t  t h e  p i t c h  goes through i n f i n i t y .  I f  i nve r s ion  
is temperature induced, t h e  func t ion  Z(T) should have a pole  f o r  T = 
= Eq(2) p r e d i c t s  t h a t  i n  t h i s  case a l s o  t h e  OR should go 
Tinv  Tnem* 
t o  i n f i n i t y .  Since t h e  high r o t a t o r y  power of c h o l e s t e r i c  l i q u i d  
t 
- c r y s t a l s  i s  r e l a t e d  t o  t h e  screwlike molecular arrangement r a t h e r  than 
t h e  s p e c i f i c  r o t a t i o n  of t h e  ind iv idua l  molecules, t h i s  i s  a somewhat 
su rp r i s ing  r e s u l t  and deserves some comment. 
Opt ica l  r o t a t i o n  is  observed i f  t h e  two c i r c u l a r  po lar ized  
waves of oppos i te  sense,  i n t o  which an inc iden t  l i n e a r  po lar ized  wave 
---can be sp l i t , -have  
one c i r c u l a r  - o r ,  
is produced by t h e  
a l i n e a r  po lar ized  
d i f€erenr - .ue loc i t ies .  I n  t h e - c h o l e s t e r i c  s t r u c t u r e  
more genera l ly ,  e l l i p t i c a l l y  - polar ized  component 
o p t i c a l  anisotropy of t h e  monomolecular l aye r s :  
wave wi th  an electric vec to r  E v i b r a t i n g  i n  a R 
plane containing t h e  o p t i c a l  a x i s  of a u n i a x i a l  c r y s t a l  w i l l  emerge 
e l l i p t i c a l l y  polar ized  unless  EL is  p a r a l l e l  o r  perpendicular t o  t h e  
o p t i c a l  axis (Cl). 
the r o t a t i o n  of t h e  o p t i c a l  axes wi th in  t h e  p i l e  of un iax ia l  l aye r s .  
To a f irst  order  approximation, bo th  waves combine t o  g ive  l i n e a r  
- 
The second c i r c u l a r  component (C 1 r e s u l t s  from 2 
c- 
a r i z e d  l i g h t  a f t e r  leaving t h e  l i q u i d  c r y s t a l .  This,  
- _  
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no longer poss ib le ,  i f  the p i t c h  approaches i n f i n i t y .  Both t h e  
angular ve loc i ty  and t h e  i n t e n s i t y  of t h e  component a r i s i n g  from the  
presence of a screwlike s t r u c t u r e  vanishes.  Therefore, t h e  emerging 
t h e  o p t i c a l  axes wave cart no longer be plane polarized. 
of t h e  l aye r s  are p a r a l l e l .  
L Tinv 
A t  T = 
I f  OR experiments are performed wi th  
r e l a t i v e l y  l a r g e  beam cross  s e c t i o n  ( i n  t h e  present  case about 0.25 
2 cm ), and i f  no ordering electric o r  magnetic f i e l d  is appl ied ,  t h e  
p r e f e r e n t i a l  d i r e c t i o n  of t h e  nematic l i q u i d  c r y s t a l  varies wi th in  
t h e  sample area. The ordering inf luence  of t h e  w a l l  only ensures 
t h a t  t h e  molecular axes are p a r a l l e l  t o  t h e  supporting sur faces .  Thus 
t h e  electric vec tor  of an inc iden t  l i n e a r  po lar ized  beam has equal 
p robab i l i t y  of making an angle between 0 and 90" with t h e  l o c a l  o p t i c a l  
ax i s .  This means t h a t ,  on t h e  average, t h e  emerging wave w i l l  be 
, 
approximately c i r c u l a r  polarized. This simple model which i n  p r inc ip l e '  
unde r l i e s  de V r i e s '  theory can q u a l i t a t i v e l y  account f o r  s e v e r a l  f a c t s :  
(1) wi th  increas ing  p i t c h ,  t h e  angular v e l o c i t y  of t h e  C2 b u t  no t  of 
t h e  C wave decreases leading t o  an inc rease  of t h e  o p t i c a l  r o t a t i o n ;  
(2) i f  Z increases  s o  t h a t  Z/2 becomes l a r g e r  than t h e  sample thickness,  
t h e  amplitude of t h e  C 
e l l i p t i c i t y  of t h e  emerging wave; (3) f o r  Z 3 00,  o p t i c a l  r o t a t i o n  can 
1 
wave decreases r e s u l t i n g  i n  an inc rease  of t h e  2 
no longer be  defined, and t h e  emerging l i g h t  should be c i r c u l a r i l y  
polarized. Formally t h i s  corresponds t o  i n f i n i t e  o p t i c a l  ' ro ta t ion .  
From the , foregoing  arguments, i t  is clear t h a t  t h e  OR of a 
c h o l e s t e r i c  s t r u c t u r e  i s  a w e l l  defined proper ty  only i f  t h e  sample is  
ordered-so t h a t  t h e  h e l i x  a x i s  (h) is  p a r a l l e l  t o  t h e  d i r e c t i o n  of t he  
4 
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i nc iden t  l i g h t .  This r equ i r e s  t h a t  t h e  sample d isp lays  a plane tex- 
t u re .  The f o c a l  conic s t r u c t u r e  does not  f u l f i l l  t h i s  condition. 
Since i t  is known t h a t  t h e  wavelength of maximum r e f l e c t i o n  decreases 
wi th  increas ing  angle 4.  between h and t h e  d i r e c t i o n  inc iden t  l i g h t ,  2 1 2  
1 
'a c e r t a i n  d i s t r i b u t i o n  of 4 .  w i l l  l e ad  t o  a d i s t r i b u t i o n  of A' values 
1 
Furthermore, i f  4. + 0 t h e  b i re f r ingence  of x with  an average A' > - nZ 1 
t h e  l aye r s  as seen by t h e  inc iden t  wave decreases. 
In  con t r a s t  t o  most of t h e  one component c h o l e s t e r i c  systems, 
t h e  CM mixture forms a plane t e x t u r e  when t h e  i s o t r o p i c  m e l t  i s  slowly 
cooled down between supporting quar tz  sur faces  with a spacing of t h e  
order of 1011. 
61.3 5 0.5". 
appears t o  b e  less p e r f e c t  than f o r  T < 55", where t h e  t e x t u r e  c o n s i s t s  
of l a r g e  homogeneous areas showing o p t i c a l  a c t i v i t y  but  no b i r e f r ing -  
ence. Fig. 1 shows the  s p e c i f i c  o p t i c a l  r o t a t i o n  of CM a t  var ious  
temperatures and spacings of 1011 and 311. 
cycle;  however, t h e  same r e s u l t s  are obtained on heating. 
remarkable r e s u l t  is  t h e  pole  of t h e  r(T) curve a t  T = 42.2".  
samples, r is g r e a t l y  reduced i n  t h e  temperature range where Z / 2 . i s  
comparable with t h e  sample  thickness d. This i s  i n d i c a t i v e  of a dis- 
turbance of t h e  c h o l e s t e r i c  s t r u c t u r e  by w a l l  in f luences  similar t o  
The i so t rop ic -cho le s t e r i c  t r a n s i t i o n  temperature is 
I n  t h e  temperature range 6 1  t o  55", t h e  plane t e x t u r e  
Data are taken on a cooling 
The most 
For t h i n  
t h a t  leading t o  t h e  formation of t he  Grandjean l i n e s  i n  wedge type 
~ a m p 1 e s . l ~  For d 3 1011 r is  p r a c t i c a l l y  independent of d. Near the  
temperature T 
photomultiplier,  i.e. t h e  minimum cur ren t  which can be  achieved when 
where r(T) + Q) , t h e  "extinction" cu r ren t  of t h e  nem 
- 7 -  
po la r i ze r  and analyzer are i n  e 
inc rease  (see' Fig 1) . 
From the experimental r e s u l t s ,  i t  follows t h a t  
p i t c h  of c h o l e s t e r i c  CM always f u l f i l l s  t h e  condi t ion  nZ > 
Therefore, t h e  change i n  s i g n  of t h e  o p t i c a l  r o t a t i o n  must be 
due t o  an inve r s ion  of t h e  h e l i c a l  s t r u c t u r e  a t  T 
lowering t h e  temperature from T > T 
,- > 
= 42.2O. Upon nem 
. t o  T < Tnem oBe-goes from a a e m  
r i g h t  handed'to a l e f t  handed s t r u c t u r e .  This must be  r e l a t e d  t o  t h e  
f a c t  t h a t  CM is a compensated s t r u c t u r e  of two components which sepa ra t e ly  
form h e l i c e s  of oppos i te  senses - a r i g h t  handed cho le s t e ry l  ch lo r ide  
and a l e f t  handed cho le s t e ry l  myr i s t a t e  helix.14 
i n  a s i n g l e  component system (cholesteryl-2-(2 ethoxyeth0xy)ethyl- 
carbonate) Rad been repor ted  by Durand. l5 
t h a t  Durand a c t u a l l y  d e a l t  wi th  a mixed system due t o  t h e  presence of 
A h e l i x  invers ion  
16 It can, however, b e  shown 
impur i t ies .  , 
Calcula t ion  of t h e  p i t c h  Z(T) from t h e  experimental d a t a  
using eq(2) r equ i r e s  knowledge of t h e  b i r e f r ingence  a of t h e  l aye r s .  
Since no da ta  are a v a i l a b l e  f o r  a t h e  s i x  Z-values reported by Sackmann 
e t  a1 were used t o  eva lua te  a(T) using eq(2). a decreases approximately 
l i n e a r i l y  from 4.75 x a t  25' t o  3.4 x a t  60'. In a system 
8 
composed of two kinds of molecules wi th  d i f f e r e n t  o p t i c a l  an iso t ropy ,  
t h e  r e s u l t i n g  b i r e f r ingence  depends on t h e  relative molecular or ien ta-  
' t i o n .  .The present  r e s u l t s  show t h a t  i n  CM the relative pos i t i ons  of 
C and M molecules change wi th  temperature g iv ing  rise t o  a n  invers ion  of 
t h e  h e l i c a l  s t r u c t u r e .  Therefore, i t  is  t o  be expected t h a t  01 a l s o  
The empir ica l  r(T) r e l a t i o n s h i p  w a s  used t o  c a l c u l a t e  t h e  
complete Z(T-)-curve (Fig. 2).  
axis through T = T 
is 
It is symmetric wi th  r e spec t  t o  an 
1 
Some devia t ion  i n  t h e  temperature range 61-55" nem' i 1 
I 
l 
probably due t o  the1 imperfect plane t ex tu re ,  leading t o  lower r 
The angle between successive l aye r s  of t h e  c h o l e s t e r i c  ' values.  
I 
s t r u c t u r e  can be derived from Z using the  r e l a t i o n  I) = 360 a / Z  
assuming a l a y e r  spacing a = 58. The curve (Fig. 3) i l l u s t r a t e s  t h a t  
t h e  displacement of successive l a y e r s  is  a l i n e a r  process l i k e  thermal 
expansion. (T - Tnem) (deg). -3 The empir ica l  r e l a t i o n  i s  I) = 4 . 4  x 10 
Upon passing t h e  temperat :e T = T t h e  polarimeter- nem ' 
m u l t i p l i e r  cur ren t  with polar iz ing  and analyzing n i c o l s  i n  e x t i n c t i o n  
p o s i t i o n  increases  by nea r ly  two orders  of magnitude ind ica t ing  a 
decrease i n  the  degree of p o l a r i z a t i o n  of t h e  emerging l i g h t .  
t h e  t u r b i d i t y  and the re fo re  t h e  transparency of t he  sample f o r  un- 
polar ized  l i g h t  remains p r a c t i c a l l y  unchanged. Therefore, depolariza- 
However, 
t i o n  of l i n e a r i l y  polar ized  l i g h t  cannot be due t o  an increas ing  
number of s c a t t e r i n g  centers .  It can only qe explained by an increase  
i n  e l l i p t i c i t y .  The e l l i p t i c i t y  i s  deit'ined by e = arc t a n  (b/a) where 
a and b are t h e  major and minor axes of t h e  e l l i p s e  which t h e  electric 
vec to r  of t h e  l i g h t  i s  describing. The r a t i o  b / a  must be  equal t o  t h e  
r a t i o  of t h e  m u l t i p l i e r  cu r ren t  a t  ex t inc t ion  and transmission s e t t i n g  
of t h e  analyzer. Fig. 4 shows t h a t  e has a sharp peak a t  T = T nem 
as one would expect from t h e o r e t i c a l  reasons. 
reach go", i.e. t h a t  t h e  emerging l i g h t  is  no t  c i r c u l a r i l y  polar ized ,  
The f a c t  t h a t  e does not  
- 9 -  
is probably due t o  t h e  f a c t  t h a t  t h e  w a l l  imposes some n e t  p r e f e r e n t i a l  
d i r e c t i o n  on ' the  ' op t i ca l  a x i s  of t h e  nematic phase. 
11. Electric F i e l d  Ef fec t s  on t h e  Opt ica l  Roeatory Power 
The r e s u l t s  presented i n  t h e  preceding s e c t i o n  can b e  regarded 
i 
as f u r t h e r  experimental confirmation f o r  t h e  v a l i d i t y  of de V r i e s '  
theory, and i n  p a r t i c u l a r ,  f o r  t h e  l i n e a r  r e l a t i o n s h i p  between o p t i c a l  
- r o t a t i o n  and p i t c h  of t h e  h e l i x .  Therefore, t h e  o p t i c a l  r o t a t i o n  can 
be  used as a probe f o r  f i e l d  induced changes i n  t h e  h e l i c a l  s t r u c t u r e .  
A. Electric F ie ld  P a r a l l e l  t o  t he  Helix Axis 
In a preceding paper,-/ w e  have repor ted  on t h e  inf luence  of 
an electric f i e l d  appl ied  p a r a l l e l  t o  t h e  h e l i x  a x i s  of a cho le s t e r i c  
CM sample which was ordered by w a l l  e f f e c t s .  
in f luence  of t h e  w a l l s  on t h e  p i t c h  of t he  c h o l e s t e r i c  s t r u c t u r e  
As long as d > Z0/2 t h e  
is  neg l ig ib l e .  However, f o r  F <F<F where F denotes t h e  threshold f i e l d  R u  U . -  - 2  
for inducing a cholesteric-nematic phase t r a n s i t i o n ,  t he re  appeared t o  
be  a h e l i c a l  d i s t o r t i o n  which w a s  no t  accompanied by a change i n  t h e  
plane t e x t u r e  of t he  material. From an ana lys i s  of t h e  f i e l d  induced 
change i n  t h e  l o w  frequency d i e l e c t r i c  constant,  i t  w a s  concluded t h a t  
i n  t h i s  f i e l d  range t h e  long a x i s  of t he  molecules are bent by a 'small  
angle (g4")  towards t h e  h e l i x  axis. 
m = F x ; which t h e  f i e l d  e x e r t s  on the  d ipo le  moments 11" of t h e  
cho le s t e ry l  ch lor ide  molecules. 
of t h e  h e l i c a l  s t r u c t u r e  with t h e  h e l i x  axis and F s t i l l  being p a r a l l e l .  
According t o  Meyer's theory,  t h e  r e l a t i o n s h i p  FU/F = k /k should 
The dr iv ing  f o r c e  is  t h e  torque 
A -  
C C 
The r e s u l t  is a conica l  per turba t ion  
3 
L 22 33 
- 10 - 
be  f u l f i l l e d .  
h e l i c a l  pe r tu rba t ion  without phase des t ruc t ion .  
FL and F mark t h e  lower and upper threshold f i e l d  f o r  
U 
They are connected 
1 /2  - with  t h e  p i t c h  and t h e  d i e l e c t r i c  anisotropy AE by (FLFu) - I1 1/ 2 
4vk22 (3 ) .  k22 and k33 are t h e  elastic cons tan ts  f o r  
2v/zo *( A€', 
t o r s i o n a l  &d bending s t r a i n .  It w a s  a l s o  p red ic t ed  t h a t  i n  t h e  f i e l d  
range Fl*<FU 
z (F) 
The relative change i n  p i t c h  
FL t o  FU should the re fo re  be  
FL 
. - zo = -  F 
occurring upon f i e l d  v a r i a t i o n  between 
Z(Ft)/Z(Fu) = Zo/Zu = k22/k33 = 4.1k0.5. 7 
This t igh ten ing  up of t h e  h e l i x  p r i o r  t o  t h e  f i e l d  induced choles te r ic -  
nematic t r a m i t i o n  i s  su rp r i s ing  and requi red  experimental v e r i f i c a t i o n .  
The f i e l d  dependence of t h e  o p t i c a l  r o t a t i o n  i n  a CM sample 
4 4  
w a s  measured under t h e  condition F A  h a t  several temperatures, i .e .  
several Z -values. Z(F) is  i n f e r r e d  from r(F)T-const - by means of 
0 
eq(2) u s ing - the  empirically determined va lue  for a. 
of t h e  sample could be  used as a probe f o r  t h e  occurrence of a phase 
t r a n s i t i o n .  
The transparency 
The nematic phase i s  a l igned  by t h e  f i e l d  and does not 
show remarkable l i g h t  s c a t t e r i n g .  Therefore, t h e  polarimeter phpto- 
m u l t i p l i e r  cur ren t  a t  t h e  e x t i n c t i o n  p o s i t i o n  of analyzer and p o l a r i z e r  
decreases sharply by about a f a c t o r  of 50 f o r  F>FU. 
determination of F . 
manifests i t s e l f  by a sudden drop t o  zero: 
i s  o p t i c a l l y  p o s i t i v e  with t h e  o p t i c a l  a x i s  11 F. 
This allows 
I n  t h e  r (F)  curve (see F ig .  5 )  t h e  phase t r a n s i t i o n  
U 
t h e  a l igned  nematic phase 
p a r a l l e l  l i g h t  I n  
-. 
. propagating I(F, the l i q u i d  c r y s t a l  must t he re fo re  behave o p t i c a l l y  
- 11 - 
i s o t r o p i c  and inac t ive .  I n  the  f i e l d  range F <F<F however, r(F) R u’ 
decreases monotonically, which ind ica t e s  t h a t  t h e  p i t ch  ac tua l ly  
decreases. Moreover, t h e  condi t ion Z / Z  = F /F i s  f u l f i l l e d  (see 
Table I). 
o u  u t  
. Table I 
Relative F ie ld  Induced Change i n  t h e  Helix P i tch  
2 . 3  
2 .9  
4 . 3  
5 . 8  
6 . 8  
8.0 
4 .7  
3 . 8  
3 . 9  
3 . 3  
4 . 3  
3.7 
4 .O 
2.9 
4 . 5  
3 . 6  
4 . 9  
4 . 3  
13 .7  3.7 4 . 3  
aver age 3 . 9  4 . 1  
The average numerical value agrees very w e l l  with the  value 4 .1  derived 
from capacitance measurements. The absolute  values  f o r  F and FU f i t  R 
e q ( 3 )  i f  t he  previously determined values f o r  k and t h e  d i e l e c t r i c  22 
anisotropyAc,,are inser ted .  7 
The proposed func t iona l  dependence f o r  Z(F) (see eq(4)) is not  
confirmed. 
cont inui ty  of Z(F) at  the  beginning of the  h e l i c a l  per turbat ion.  
is, however, no physical  reason f o r  any d iscont inui ty  and a b e t t e r  
approximation i n  t h e  t h e o r e t i c a l  treatment would probably y i e l d  a 
This i s  not  su rp r i s ing ,  s ince  eq(4) would imply a dis-  
There 
- -_ 
- 1 2  - 
t h e  r e l a t i o n '  
with n = 3.050.2 
i 
a f i e l d  dependent decrease of t h e  o p t i c a l  r o t a t i o n  without involvement 
of a change i n  the  h e l i c a l  p i tch .  . I f  t he  f i e l d  tends t o  break up t h e  
cho le s t e r i c  plane t ex tu re  and form small  cho le s t e r i c  domains i n  which 
the  h e l i x  axis has a tendency t o  a l i g n  perpendicular t o  the  f i e l d ,  r 
would decrease because the  l i g h t  beam i s  then no longer p a r a l l e l  t o  h 
and t h e  wavelength of maximum r e f l e c t i o n  i s  h < nZ i.e. A '  > h /nZ 
> 
0 0  0 0' 
(see eq.1). Using Fergason's ca lcu la t ion  of t h e  dependence of h on 
t h e  angle 4.  between % and the  d i r ec t ion  of t h e  inc ident  l i g h t  one 
0 
12 
1 
f i n d s  t h a t  9. must be about 45" t o  account f o r  a decrease of (and 
1 
therefore  r) by a f a c t o r  of 1.5. 
"cholesteric" domains would have t o  be ro ta ted  by an angle >45O i n  
This rough estimate shows t h a t  t h e  
order  t o  explain a reduction of r by a f a c t o r  of 4. This could be 
poss ib le  only i f  t h e i r  dimensions are smaller than the  sample thickness,  
which i s  about 1 0 ~  i n  t h e  present  case. Microscopic observation, how- 
ever, shows t h a t  t h e  plane t ex tu re  of CM cons i s t s  of homogeneously 
g n i f i c a n t l y  f o r  F < F 
e f f e c t  imposed by t h e  w a l l s  on t h e  c h o l e s t e r i c  s t r u c t u r e  depends on 
;he p i t ch ,  any f i e l d  induced macroscopic ordering should depend on 
Zo, whereas t h e  observed r a t i o  of Z /Z  is  independent of Z 
Table I ) .  
(see o u  0 I 
I Therefore t h e  inf luence  of t h e  dc electric f i e l d  on t h e  
c h o l e s t e r i c  phase of CM:must take  p lace  on a microscopic level, 
involving bending of t h e  ind iv idua l  molecules towards t h e  f i e l d  
d i r e c t i o n  and t igh ten ing  t h e  h e l i x .  
no t  b e  confused wi th  previous r e p o r t s  on t h e  inf luence  of electric 
This microscopic e f f e c t  should 
f i e l d s  on t h e  c h o l e s t e r i c  phase wbich d e a l t  w i th  f i e l d  induced re- 
o r i e n t a t i o n  of t h e  h e l i x  ax i s .  17 
B. Electric F i e l d  Perpendicular t o  the  Helix Axis 
Application of a magnetic f i e l d  perpendicular t o  t h e  h e l i x  
a x i s  should r e s u l t  i n  a des t ruc t ion  of t he  c h o l e s t e r i c  phase and 
formation of a 
s u s c e p t i b i l i t y  
1 by D e  Gennes. 
nematic phase i f  t h e  anisotropy of t h e  diamagnetic 
A x  > 0. This process has been t r e a t e d  t h e o r e t i c a l l y  
H e  found t h a t  t h e  c r i t i ca l  magnetic f i e l d  H f o r  which 
(5) .The t h e  p i t c h  diverges logar i thmica l ly  i s  H = -- 
theory has been confirmed independently by Durand e t  a15 and Meyer. 
C 
P 2 k22 )1/2 ( a x  c 2zo 
6 
I f  t h e  d i e l e c t r i c  anisotropy i s  p o s i t i v e  - as it i s  with t h e  CM 
system, s i n c e  t h e  major electric d ipole  component is t h a t  of t h e  h a l i d e  
bond which is  near ly  p a r a l l e l  t o  t h e  long molecular a x i s  of C molecules - 
t h e  same r e l a t i o n s h i p  should hold  f o r  CM upon app l i ca t ion  o f  a dc - 18 electric f i e l d  L h .  
Therefore, t h e  o p t i c a l  r o t a t o r y  power r(F) of c h o l e s t e r i c  CM 
4 4  
was measured under t h e  condition F J, h. r(F) increases  wi th  increas ing  
- 14 - 
F. The f i e l d  dependence of t h e  p i t c h  ca lcu la ted  from eq(2) i s  p lo t t ed  
i n  Fig. 6. 
theory. 
i n  Table I1 together w i th  t h e  ca l cu la t ed  k 
$e inc rease  with F i s  in  good agreement with D e  Gennes' 
The c r i t i ca l  f i e l d  va lues  F for phase t r a n s i t i o n  are l i s t e d  
C 
I '  
/Ayvalues.  I 22 
I 
I 
l Table I1 
Critical E l e c t r i c  F ie ld  Values f o r  Phase Trans i t ions  
m e n  G-LZ 
-T('C) ' Fc(KVcm-l) zo (11) 
56 ' 2.8 13  .O 4.8 10-7 
47.5 
40.0 
31.3 
8.3 
18.0 
5.1 
5.7 8.0 
3.5 1410 
1 7  .O 27.0 
The temperature dependence of (k /As)-1 f i t s  an Arrhenius p l o t  with 22 
an  a c t i v a t i o n  energy of 0.6t0.05 eV.  The same a c t i v a t i o n  energy had 
-1 
22 - been measured f o r  t h e  absolu te  va lues  of k 
The d i e l e c t r i c  anisotropy A s A  i s  defined as the  d i f f e rence  
between the  sl va lue  perpendicular t o  ' the h e l i x  axis of t h e  c h o l e s t e r i c  
s t r u c t u r e  and t h e  E 
F. Because of t h e  l o w  capacitance of t h e  sandwich ce l l  arrangement, 
it is not poss ib l e  t o  measure AsL d i r e c t l y .  
known, it can b e  i n f e r r e d  from t h e  experimental va lue  of k 
AcL = 0.45k0.1. 
assumed t h a t  i n  t h e  aligned nematic phase E 
va lue  of t h e  nematic phase a l igned  p a r a l l e l  t o  nem 
Since, however, k22 is  
/AsAthat 22 
It can be  There is  a second way t o  c a l c u l a t e  As,. 
i s  independent of nem 
whether F has been applied p a r a l l e l  o r  perpendicular t o  h e l i x  a x i s .  
- 15 - 
Therefore E . 
w a s  p a r a l l e l  t o  h.  
can be  ca l cu la t ed  from :he ind iv idua l  d ipole  moments. 
of Onsager's theory'' ykelds eL = 5 . 4 9 . 1  a t  45O. Since E 
a t  45', one g e t s  A E ~  = . 0 . 4 9 . 1  a t  45" i n  agreement with t h e  experimental 
can be taken from previous measurement7 i n  which F nem 
J' 
of t h e  c h o l e s t e r i c  phase forming a plane t e x t u r e  
7 
Application 
= 5.8 nem 
I 
value. 
With t h e  parameters A&,, , A E ~ ,  kZ2 and k t h e  r a t i o  of the 33' 
c r i t i ca l  f i e l d s  p a r a l l e l  (F ) and,perpendicular (F ) t o  t h e  h e l i x  
a x i s  necessary t o  des t roy  t h e  c h o l e s t e r i c  s t r u c t u r e  can be  determined. 
U C 
Combining eqs (3) and (5). y i e l d s  
Inse r t ing  A E ~ / A E , ,  = 0.25 and k22/k33 = 4 . 1  g ives  F = 1.3  F . This 
U C 
means t h a t  r o t a t i o n  of the  molecules within a plane perpendicular t o  
t h e  h e l i x  axis r e q u i r e s ' l e s s  energy than tending t o  a l i g n  them p a r a l l e l  
---to-the h e l i x  -axis. I n  a bulk sample, where the  w a l l  in f luence  on t h e  
l o c a l  d i r e c t i o n  of t h e  h e l i x  a x i s  i s  neg l ig jb l e ,  i t  the re fo re  is l i k e l y  
t h a t  an electric f i e l d  tends t o  a l i g n  the  h e l i x  perpendicular t o  the  
f i e l d  followed by h e l i c a l  breakdown. 
- 16 - 
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. 'F igure Captions 
i 
Figure 1: Spec i f i c  o p t i c a l  r o t a t i o n  of a 1.75:l.OO mixture of cho le s t e ry l  
ch lo r ide  and d h o l e s t e r y l  myris ta te .  Jl) 1011 sample; (2) 3v 
I 
sample - - -: , photomult ipl ier  cur ren t  a t  ex t inc t ion  pos i t i on  
of po la r i ze r  and analyzer.  
Figure 2: Temperature dependence of the  h e l i x  p i t c h  of CM. ,The curve has  
been f i t t e d  t o  Sackmann e t  al's8 da ta  (x). 
Figure 3:  Temperature dependence of t h e  angle between successive l aye r s  
of t h e  cho le s t e r i c  s t r u c t  c e  of CM. 
Figure 4 :  Temperature dependence of t he  e l l i p t i c i t y  of l i g h t  emerging 
from a c h o l e s t e r i c  CM sample which is  i r r a d i a t e d  wi th  plane- 
polar ized l i g h t .  
Dependence of t he  h e l i x  p i t c h  of CM on an e l e c t r i c  f i e l d  
appl ied p a r a l l e l  t o  the  he l ix .  
The abrupt drop of Z(F) a t  F = F 
converted t o  a s ta te  showing no o p t i c a l  a c t i v i t y .  
Figure 5: 
Z(F) is only defined f o r  F < FU. 
is  due t o  t h e  sample being 
i 
U 
- - --  . Theore t ica l  curve2 Z(F) f o r  FL<F<FU. 
-.-.-* . 
Helix p i t c h  of CM versus e l e c t r i c  f i e l d  appl ied perpendicular 
F i e l d  induced change i n  the  h e l i x  p i t ch  [ Z  -Z(F) 1. 
0 
Figure 6: 
1 t o  t h e  helix axis. - - -: t h e o r e t i c a l  curve . 
- 19 - 

E 
e Q 
i-- 
J 
IO 
i 
6 
hd 
c\J ea 
P 
- 2  
-4 
' -6 
-8 
f 
I 
50 
c 40 
0 
W 
n 
U 
30 
>- 
t- 
0 - 20 l- 
a 
-I 
 
- 
i;: 10 
60 
0 
20 30 40 50 
TEMPERATURE ("C) 
CI 
LL 
N 
1 
w 
* 
0 
t-  
' a .  
I 
0.5 
0. I
IO3 . 5*103 io4 
ELECTRIC FIELD [V CM-'I 
5 
I 
0.5 
0. I 
5 .  IO4 

1.75:l cho les t e ry l  chloride-cholesteryl myr i s t a t e  (CM) mixture i n  
-3he .presence of magnetic fields -K up t o  -10 KG, -the o r i e n t a t i o n  of 
the molecular and h e l i c a l  axes w i t l i  r e spec t  t o  t h e  f i e l d  d i r e c t i o n  
can b e  deduced, and t h e  p o s s i b i l i t y  of a dependence of t h e  alignment 
process on t h e  p i t c h  Z of t h e  h e l i x  is explored. When t h e  sample 
thickness is much g r e a t e r  than 2, t h e r e  is no p re fe r r ed  d i r e c t i o n  f o r  
t h e  h e l i x  ax i s  i n  t h e  bulk,  and applying H e i t h e r  
sample causes t h e  h e l i x  a x i s  t o  a l i g n  11 H. 
o r  \ \  t o  t h e  
This e f f e c t  only occurs 
at  2 > lop, and only p a r t i a l  ordering occurs even a t  Tnematic. The 
angle 6 between t h e  long molecular 
a p1ane-k- t o  t h e  h e l i x  axis i s  reduced by app l i ca t ion  of H. 
determined by t h e  i n t e r n a l  mechanical energy of t h e  c h o l e s t e r i c  s t r u c t u r e ,  
t h e  decrease i n  6 becomes more pronounced as 2 approaches i n f i n i t y .  A 
comparison is a l s o  made of t h e  e f f e c t s  of electric and magnetic f i e l d s  
o l e s t e r y l  ch lo r ide  and 
- - __ . -  I- - 
Since 6 is 
- _.__ ~ 
- 
on CM; an electric f i e l d  of 500 V/cm counteracts a magnetic f i e l d  of 
the order of 10 KG. The anisotropy of t h e  diamagnetic s u s c e p t i b i l i t y  
-9 . 
. 
duced t o  be  10 . 
' In t roduct ion  
Choles te r ic  s t r u c t u r e s  display two types of behavior i n  b 
magnetic f i e l d  which depend on t h e  anisotropy of t h e  diamagnetic 
s u s c e p t i b i l i t y  of t h e  cons t i tuent  molecules. 1-6 If w e  def ine  two 
components of the  magnetic s u s c e p t i b i l i t y ,  and xL., p a r a l l e l  and +i 
perpendicular t o  t h e  long molecular axes, t he  two cases can be  
described as follows : 
(1) When X - xL> 0,  then t h e  long molecular axes tend 
11 
t o  a l i g n  paral le l  t o  an applied magnetic f i e l d  producing an or ien ta-  
t i o n  of t h e  h e l i x  ax i s  perpendicular t o  the  f i e l d .  Above a c r i t i ca l  
magnetic f i e l d  Hc, h e l i c a l  unwinding can occur. 
been observed by Durand e t  a14 and by Meyer 
This e f f e c t  has  
f o r  a c h o l e s t e r i c  phase 5 
cons is t ing  of mixtures of p-azoxyanisole and cho le s t e ry l  esters. 
(2) When xi, - xA< 0,  then t h e  long molecular axes tend t o  
. _  - . - .  
- a l ign  perpendicular t o  t h e  magnetic f i e l d  producing an o r i e n t a t i o n  
of t h e  h e l i x  ax i s  p a r a l l e l  t o  t he  f i e l d ,  and no h e l i x  unwinding can 
occur because no f i e l d  induced torque can act  on the  ind iv idua l  
molecules i n  an aligned he l ix .  Experimentally, t h i s  macroscopic 
3 r eo r i en ta t ion  of t h e  h e l i x  a x i s  was  suggested by Sackmann e t  a1 from 
MNR r e s u l t s  on a study of benzene dissolved i n  a cho le s t e ry l  chloride- 
cho le s t e ry l  myr is ta te  (CM) mixture, and subsequently confirmed by 
observing a pe r iod ica l ly  varying r e f r a c t i v e  index i n  a 1.75:l CM 
6 
' sample aligned-i-n -a-magnetic field-of 20 KG f o r  several hours. 
- 1 -  
The a i m  of t h e  present  i nves t iga t ion  w a s  t o  examine the  
p o s s i b i l i t y  of a cor re l a t ion  between t h e  p i t c h  of t h e  h e l i c a l  s t r u c t u r e  
and t h e  degree of o r i e n t a t i o n  produced by a constant magnetic f i e l d .  
Since t h e  d i e l e c t r i c  constant E of such a material depends on the  
average o r i e n t a t i o n  of i t s  permanent d ipoles ,  monitoring changes of E 
i n  t h e  presence of an applied magnetic f i e l d  can se rve  as a probe f o r  
molecular rearrangement. 7 
Experimental 
1.75:l.OO CM mixtures (by weight) w e r e  prepared from 
compounds obtained from S te ra lo ids ,  Inc. ,  and melted between s i l i ca  
d i s c s  p a r t i a l l y  covered with t i n  oxide e lec t rodes .  The e lec t rodes  
were separa ted  by t e f l o n  o r  mylar spacers i n  the  thickness range 
12.7 t o  25411 . The samples were mounted i n  an o p t i c a l  cel l  which 
could be heated wi th  a cont ro l led  temperature n i t rogen  stream. The 
cell  w a s  mounted between the  poles of a special 6" Varian magnet 
mounted on trunnions t o  allow r o t a t i o n  of t h e  f i e l d  d i r e c t i o n  with 
respec t  t o  t h e  sample. 
with a General Radio 1608 A Impedance Bridge at  a frequency of 1 Kc.  
The uncer ta in ty  of t h e  capacitance values is  less than 0.5%. 
Dielectric constant measurements w e r e  made 
DC' 
electric f i e l d s  w e r e  applied with a Keithley 2 4 1  power supply. 
Results and Discussion 
,- 
Fig. 1 presents  t h e  changes i n  t h e  d i e l e c t r i c  constant AE 
observed with magnetic f i e l d s  appl ied  t o  a 12711 t h i c k  sample as a 
- 2 -  
.function of temperature. F ie lds  applied p a r a l l e l  t o  t h e  sample plane 
cause an increase  i n  t h e  d i e l e c t r i c  constant a t  temperatures near 
T = 42-43'. Fie lds  applied perpendicular t o  t h e  sample plane nematic -- - - - - 
*produce a decrease i n  t h e  d i e l e c t r i c  constant a t  t h e  same temperatures. 
This e f f e c t  can only be  observed on samples which are not  s t rongly  
or ien ted  throughout t h e  bulk by w a l l  e f f e c t s ;  a 12.7~ t h i c k  sample 
shows no change i n  & w i t h  7 KG f i e l d s  perpendicular t o  t h e  sample 
plane. 
The la t te r  r e s u l t  is p l a u s i b l e  s ince  microscopic observation 
shows t h a t  t h i n  samples  of CM disp lay  a plane t ex tu re .  Hence, t he  
h e l i x  ax i s  i s  already or ien ted  perpendicular t o  t h e  sample plane by 
w a l l  e f f e c t s ,  thus s a t i s f y i n g  the  condition of minimal f r e e  energy 
with a- magnetic f i e l d  applied perpendicular t o  t h e  sample plane. 
The s i t u a t i o n  is d i f f e r e n t  with t h i c k  samples.  Usually i t  
is assumed t h a t  t h e  a l ign ing  inf luence  of t h e  w a l l s  extends over a 
su r face  l a y e r  of a thickness comparable with t h e  p i t c h  2 ,  Therefore 
f o r  a sample thickness d >> Z ,  t he re  is no p re fe r r ed  d i r e c t i o n  f o r  
t h e  h e l i x  a x i s  i n  t h e  bulk of t he  sample. 
h e l i x  a x i s  h a l igns  p a r a l l e l  t o  F, t he  d i e l e c t r i c  constant should 
approach t h e  value observed with t h i n  samples. 
t h e  case: 
constant is equal o r  s l i g h t l y  below t h e  zero f i e l d  curve. 
t h e  r ep roduc ib i l i t y  of both these  curves is poor (50.1 €-units)  , 
i nd ica t ing  t h a t  t h e  f i e l d  does not  e l imina te  f l u c t u a t i o n  i n  t h e  volume 
a 
If H I i s  applied and t h e  
4 
This, however, is not 
i n  t h e  temperature range where Z is  low,8 the  d i e l e c t r i c  
Furthermore, 
- 3 -  
o r i e n t a t i o n  p a t t e r n ,  and t h a t  t he  o r i e n t a t i o n  e f f e c t  exerted by a 
f i e l d  of 1O'KG on a c h o l e s t e r i c  phase with a p i t c h  < 1011 is  very s m a l l .  
i n  a temperature range where Z > 2011 t h e  
d i e l e c t r i c  constant with H perpendicular t o  t h e  sample plane, drops 
below the  zero f i e l d  curve7 both f o r  t h i ck  and t h i n  samples (neglecting 
Tnemy 
Near T = 
w a l l  e f f e c t s  on t h e  zero field-curve f o r  t h i n  samples i n  a temperature 
range where Z > 2d) and t h e  E values are q u i t e  reproducible. This 
i nd ica t e s  t h a t  t h e  cho le s t e ry l  ch lo r ide  molecules, which have a d ipole  
moment paral le l  t o  t h e i r  long molecular ax i s  and which have been shown 
t o  g ive  t h e  major cont r ibu t ion  i n  t h e  
r o t a t e d  s o  as t o  make t h e i r  long axes 
L tends To a l i g n  perpendicular t o  H. 
a- 4 
C 
2% 
7 d i e l e c t r i c  constant of CM, are 
A 
(L ) p a r a l l e l  t o  t h e  w a l l s  , i .e.  
C 
I n  t h e  c h o l e s t e r i c  phase of 
C M , L  
t o  t h e  h e l i x  ax is .7  
. " A  
with h perpendicular t o  t he  w a l l s ,  t h e  C molecules can cont r ibu te  t o  E. 
The reduction of E observed with app l i ca t ion  of HLmust t he re fo re  
makes an angle 6 between 25" and 20" with any plane perpendicular 
C 
The f a c t  t h a t  6 >O implies t h a t  i n  a t h i n  sample 
.. 
correspond t o  a reduction of 6. Since,  however, 6 i s  determined by 
t h e  i n t e r n a l  mechanical energy of t h e  c h o l e s t e r i c  s t r u c t u r e ,  a t  constant 
f i e l d  t h e  decrease of 6 becomes more pronounced as 2 approaches ' in f in i ty .  
The maximum H- induced drop of E a t  T = T can be  determined from a 
previous measurement of t h e  d i e l e c t r i c  increment A E ~  a r i s i n g  from the  
nem 
- 
A .  
C molecules i n  t h e  c h o l e s t e r i c  phase.7 I f  f u l l  alignment of L I H had 
z 
been achieved, t h e  d ipole  moment 11 can no longer cont r ibu te  t o  E , as 
C 
is  t h e  case when E is  measured at  frequencies f a r  above the  d ipole  
- 4 -  
r e l axa t ion  frequency. The f a c t  t h a t  Asl = 0.8, whereas t h e  observed 
decrease of e a t  H = 10 KG i s  only 0.3, shows t h a t  a t  H = 10 KG a :. I 
s a t u r a t i o n  alignment of t h e  nematic phase of CM has not y e t  been 
achieved. 
The r e s u l t  t h a t  magnetic f i e l d s  below 10 KG are i n s u f f i c i e n t  
t o  conpletely o r i e n t  a c h o l e s t e r i c  s t r u c t u r e  composed of nonaromatic 
molecules is more c l e a r l y  demonstrated by t h e  &(T)-curve i n  the  presence 
of a magnetic f i e l d  p a r a l l e l  t o  tfie sample plane. When t h e  h e l i x  a x i s  
is  r o t a t e d  H one has c y l i n d r i c a l  symmetry of t h e  C d ipo le  component 
3 & I PCi ,  I = I Pc I COS 6 % \ p  I around the  h e l i x  a x i s  which i s  perpendicular C 
t o  t h e  analyzing ac f i e l d  d i r ec t ion .  The r e s u l t i n g  d ipo la r  polariza- 
2 2 b i l i t y  would be a = Pc/2kT ins t ead  of ais = P /3kT f o r  a macroscopically 
C C 
disordered s t r u c t u r e .  A ca lcu la t ion  of t h e  r e s u l t i n g  E from the  Onsager 
formula, using previously determined values f o r  t h e  d ipole  moments of 
C and M molecules y i e l d s  E (Hll ) = 5.4.  When going from the i so-  7 max 
A - ? r  
-+ropic m e l t  to -a  -cholesteric s t r u c t u r e  with h I \  H and H L F a , ,  should 
increase  by 0.9 &-units. Experimentally, no such increase  is observed 
except near T = T 
ordered, as is demonstrated by t h e  increase  of E by 'L 0.3. 
where again t h e  nematic phase is p a r t i a l l y  nem' 
'L 
These r e s u l t s  suggest t h a t  a t  moderate magnetic f i e l d s  only 
those  a l i p h a t i c  c h o l e s t e r i c  s t r u c t u r e s  can b e  o r i en ted  which show 
h e l i c a l  compensation. One has f i r s t  t o  achieve s a t u r a t i o n  alignment 
of t h e  nematic phase. Upon subsequent temperature v a r i a t i o n ,  t he  
h e l i c a l  s t r u c t u r e  w i l l  r ebu i ld  i n  t h e  sense giving a condition of 
minimum energy. 
- 5 -  
Fig. 2 compares t h e  e f f e c t  of an electric f i e l d  and a 
magnetic f i e l d  appl ied  t o  CM. Both f i e l d s  are appl ied  perpendicular 
t o  the sample; t h e  electric f i e l d  tends t o  a l i g n  C molecules 
perpendicular t o  t h e  w a l l s ,  t he  magnetic f i e l d  tends t o  a l i g n  C 
- molecules p a r a l l e l  t o  t h e  w a l l s .  An electric f i e l d  of t he  order of 
500 V/cm thus counteracts a magnetic f i e l d  of t h e  order of 10 KG. 
The r e l a t i o n s h i p  between magnetic f i e l d  e f f e c t s  and electric 
f i e l d  e f f e c t s  has  been examined f o r  nematic materials by several 
9 , io  . 
workers. Assuming t h a t  alignment depends on the  an i so t rop ie s  
of d i e l e c t r i c  constant and diamagnetic s u s c e p t i b i l i t y ,  t he  following 
energy r e l a t ionsh ip  should hold: 
This of course i s  only an approximation, as Carr has  discussed,’ and 
has t o  be modified i f  t h e  anisotropy of t h e  conductivity i s  s i g n i f i -  
10 cant. For p-azoxyanisole, t h e  r a t i o  E/H is % 1, although Rowell et  a1 
r epor t  E/H Q, 2 f o r  d e u t e r a t e d  p-azoxyanisole as estimated f r o m m  
- _  ._ 
measurements. 
Clear ly  i n  t h e  c h o l e s t e r i c  system where E/H % .05, A x  must 
be  much smaller than f o r  t he  aromatic nematic system. Using t h e  value 
f o r  A E / ~ T  = 0.13 determined i n  our previous work, 7511 A x  must be  of 
t h e  order  of lo-’. No d i r e c t  measurements of s u s c e p t i b i l i t i e s  o r  t h e i r  
an iso t ropies  are ava i l ab le  f o r  c h o l e s t e r i c  l i q u i d  c r y s t a l s ;  experiments 
. are i n  progress t’o ob ta in  these  values.  *- 
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-- -Figure Captions 
Figure 1: Change i n  t h e  Dielectric Constant as a Function of Tempera- 
t u r e  f o r  Magnetic F ie lds  Applied Perpendicular and Paral le l  
- t o  the  Plane of a 1 2 7 ~  Thick CM Sample. 
Figure 2: Change i n  t h e  Dielectric Constant as a Function of Electric 
---Field f o r  a -CM Sample with and wi thout  an Applied Magnetic 
F ie ld  of 10 KG Perpendicular t o  the  Plane of a 12711 Thick CM 
Sample a t  T k lo. nematic 
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